Abstract We conducted a prospective randomised study comparing the clinical, functional and radiographic results of 46 patients treated for scaphoid nonunion using a vascularised bone graft from the dorsal and distal aspect of the radius (group I), relative to 40 patients treated by means of a conventional non-vascularised bone graft from the distal radius (group II). Surgical findings included 30 sclerotic, poorly-vascularised scaphoids in group I versus 20 in group II. Bone fusion was achieved in 89.1% of group I and 72.5% of group II patients (p =0.024). Functional results were good to excellent in 72.0% of the patients in group I and 57.5% in group II. Considering only patients with sclerotic, poorly-vascularised scaphoids, the mean final outcome scores obtained were 7.5 and 6.0 for groups I and group II, respectively. We conclude that vascularised bone grafting yields superior results and is more efficient when there is a sclerotic, poorly-vascularised proximal pole in patients in scaphoid nonunion.
Introduction
Scaphoid nonunion is associated with biomechanical changes and serious functional impairment involving the wrist. Bone union, restoration of scaphoid architecture, relief of pain, and reestablishment of wrist function should be considered the primary goals of treatment. The usual treatment for scaphoid nonunion is conventional bone grafting, with or without bony fixation. Satisfactory bone union rates ranging from 80 to 90% have been reported by some authors [6] ; but failure rates as high as 65% have been described by others [1, 9] . Most of these failures have been related to fractures of the proximal pole or avascular necrosis of the proximal fragment. Treating these challenging situations includes the use of vascularised bone grafts, as a more biological solution. Several types of grafting have been developed [10, 14, 23] ; and, among these, local vascularised bone grafts near the wrist have gained the greatest popularity.
Since 1991, when Zaidemberg et al. [24] first described a retrograde branch of the radial artery that feeds the distal dorsoradial part of the radius, and in 1995, when Sheetz et al. [18] published detailed descriptions of the vascular anatomy of the radius, several studies using the intercompartmental supraretinacular artery have demonstrated that satisfactory results can be achieved with this technique [5, 12] . However, other investigators [22] have questioned the efficacy of this approach, reporting low consolidation rates in patients with scaphoid nonunions with avascular necrosis of the proximal pole.
No prospective studies have been reported in which vascularised and non-vascularised grafting techniques, using grafts taken from the dorsal aspect of the distal radius, have been compared directly.
Consequently, the primary objective of our study was to directly compare the clinical and radiographic findings of scaphoid nonunion treated using a vascularised bone graft from the distal radius, as proposed by Zaidemberg et al. [24] , versus a conventional non-vascularised bone graft derived from the same region. To do this, we adopted the architecture of a randomised clinical trial, so as to more definitively identify which procedure is best at achieving bone consolidation and re-establishing wrist function in patients with scaphoid nonunion.
Patients and methods

Patient recruitment and evaluation
For this study, we recruited 86 patients with scaphoid nonunion treated by the Hand Surgery Group of the Hospital Nossa Senhora do Pari, in São Paulo, Brazil. Prior to subject recruitment, the study protocol had been submitted to and approved by the hospital's Committee for Ethics and Research. From July 1998 to December 2004, patients presenting to our service were randomised into one of two groups: group I consisted of 46 patients who underwent surgical repair involving a vascularised bone graft that was harvested from the distal radius, as described by Zaidemberg et al. [24] , and group II consisted of 40 patients who received a conventional nonvascularised bone graft, similarly harvested from the distal radius. Informed signed consent was provided by all of the patients prior to their participation in the study. None of the patients had undergone any previous surgical procedure to treat their scaphoid nonunion; and patients otherwise were excluded if they had had either previous ipsilateral surgery or a previous contralateral wrist injury that prevented a valid treated-versus-normal clinical comparison between the two wrists. Randomisation was accomplished by means of sealed envelopes, each one containing the name of one of the procedures; for each patient, one of the envelopes was chosen, and the procedure noted within was adopted for use. All patients were treated by the same senior surgeon (S.R.). They were advised to stop smoking before surgery.
The time interval from the fracture to the surgical procedure to treat nonunion was a mean of 25.3 months in group I patients and 22.5 months in group II patients.
At the time of the first consultation, all patients underwent simple radiographic evaluation of their wrists, using four views (obtained in 90°shoulder abduction, 90°e lbow flexion, neutral forearm rotation, and neutral wrist position). The views included posteroanterior with ulnar deviation, profile, lateral, and oblique and were taken four, eight, 12 weeks, six months, one and two years after the procedure. Two hand surgeons and two fellowship-trained, musculoskeletal radiologists evaluated radiographs independently to identify when union had occurred.
We used the Russe classification system [16] to determine the level of nonunion, which also was classified as being in the distal, middle or proximal aspect of the scaphoid. In group I, there were 25 patients (54.3%) with nonunion involving the middle third of their scaphoid and 21 patients (45.7%) with nonunion of the proximal pole. Among group II patients, there were 22 cases (55%) of nonunion involving the middle third, two cases (5%) involving the distal pole, and 16 cases (40%) involving the proximal pole.
To assess any associated carpal instability, we measured the scaphoid-lunate angle. Preoperative measurements of this angle revealed a range from 34°to 80°(mean=58.3°) among the group I patients and from 40°to 82°(mean=60.9°) in group II.
Patients were assessed clinically considering the parameters of pain, grip strength and joint mobility. Pain was the main complaint for all 86 patients (100%).
Grip strength was measured in both the affected and unaffected extremities using a Jamar dynamometer (J.P. Marsh, Skokie, IL), before and after treatment. In addition, grip strength on the affected side was expressed as a percentage of grip strength in the contralateral upper limb.
Active range of flexion, extension, radial deviation and ulnar deviation of both the affected and unaffected contralateral wrists were measured, both pre-and postoperatively. All patients were also asked to provide their own global assessment of perceived function, using criteria suggested by Robbins et al. [15] and modified by Steinmann et al. [19] . The sum of these evaluations was a global outcome score, which incorporated the following parameters: pain, functional state (time to return to work), range of motion, and patient global satisfaction. A final score was tabulated as the sum of the scores in the four categories, and this final score was further categorised either as excellent, good, moderate or poor, depending upon the total (see Table 1 ).
Surgical techniques
To access the scaphoid, a curvilinear dorsoradial approach was used, centred over the space between the first and second extensor tunnels. After identifying the focus of the nonunion, the condition of the scaphoid fragments was assessed. The amount of bleeding in the proximal fragment was used to determine the vascular state of the bone, e.g. absence of bleeding was considered to be evidence of a hypovascular segment.
The surgical technique used to harvest a vascularised cortical-cancellous graft from the distal radius (group I) entailed careful dissection and release of the 1-2 supraretinacular inter-compartmental vascular pedicle from its proximal to distal aspect, extending as far as the styloid process of the radius, where the rotation point is located.
The technique used to harvest the conventional nonvascularised graft (group II) was similar, except that the bone graft did not have vascular perfusion. Three converging percutaneous Kirschner wires were used to achieve bone fixation of the scaphoid and graft.
Postoperative evaluation All patients were immobilised in a plaster cast including the wrist and thumb for four weeks (wrists then were splinted after removal of the plaster cast, at which time patients were encouraged to mobilise their wrists), and all Kirschner wires were removed within ten weeks of operation.
Nonunions were considered healed after radiographic evidence of bone consolidation (bridge trabeculae on both sides of the graft, with attenuation of the continuity solution lines in the scaphoid). When such parameters were not observed, residual nonunion of the scaphoid was considered present.
Statistical analysis
Inter-group mean differences were identified using twotailed Mann-Whitney U tests for continuous variables and Pearson chi-square analysis for nominal variables, with p=0.05 used as the threshold for statistical significance.
Results
A statistically greater percentage of patients who received a vascularised graft achieved bony consolidation than did those who received a non-vascularised graft (89.1% versus 72.5%; χ 2 =3.91; p=0.024). Moreover, they did so over a shorter time interval, i.e. 9.7 versus 12.0 weeks (p<0.0001) (see Table 2 ).
Outcome based on the patient's perception of function was measured by the scaphoid score (Table 1) . Overall results were excellent in six, good in 27, fair in nine, and poor in four (group I). For group II, results were excellent in seven, good in 16, fair in eight, and poor in nine. A slightly greater percentage of the former versus the latter group achieved a good to excellent result, though this failed to achieve statistical significance (71.7 vs. 57.5% (χ 2 =1.91; p=0.17).
Considering only patients with scaphoid nonunions and proximal pole fragment, there was bone healing in 19 of 21 (90.5%) patients in group I, but in only 11 of 16 (68.9%) patients in group II (χ 2 =2.79; p=0.09). The two groups did not differ significantly in terms of the percentage with a perfused versus a sclerotic/nonperfused proximal scaphoid pole, the percentages being 34.8% and 65.2% in group I, respectively, and both 50% in group 2 (χ 2 =2.02; p=0.16) ( Table 3) . Ten of 46 patients in group I were smokers. Six of these patients stopped smoking before surgery and did not resume smoking for the duration of follow-up. Of the four remainders, two achieved union. Eight of 40 in group II were smokers, among whom three stopped smoking. Four Functional results with the two surgical techniques were evaluated, comparing patients in the two groups who had scaphoid nonunions with sclerotic versus well-vascularised fragments ( Table 4 ). The mean functional scores were not statistically different when comparing subjects in the two groups (groups I and II) with scaphoid nonunions and wellvascularised bone fragments (p=0.98); however, a statistically significant difference was identified between subjects in groups I and II with scaphoid nonunions and nonvascularised proximal pole bone fragments (p=0.007).
Figures 1, 2 and 3 depict the radiographic results obtained in a representative group I patient.
Discussion
Treatment of scaphoid nonunion is still a challenge for hand surgeons, particularly when there is a very small and sclerotic proximal fragment. Success treating scaphoid nonunion is measured in terms of achieving consolidation (bone healing), reestablishing the shape of the scaphoid, making the patient pain free, recovering wrist range of motion, and re-establishing normal biomechanical capabilities of the wrist [17] . When consolidation of the nonunion is not achieved, the results are generally poor, associated with persistent pain, progressive stiffness and degenerative changes.
Among the various surgical options for treatment, we point out the use of bone morphogenetic proteins (BMPs) or osteogenic proteins (OPs) applied to both scaphoid fragments and subsequent autogenous or allogenic bone implants. In one clinical study, Bilic et al. [2] demonstrated that recombinant human OP-1 (BMP-7) results in the radiological and clinical repair of avascular scaphoid and necrotic proximal pole nonunions via increased bone vascularisation and the replacement of pre-existing, proximal pole, sclerotic bone. Vascularised bone grafts initially were developed in an attempt to improve consolidation rates obtained during surgical treatment of scaphoid nonunions. Better consolidation rates and earlier consolidation have since been achieved [24] . On the other hand, many of these studies involved small groups of patients, and no clear information was provided about the vascular status of the scaphoid fragments. A non-vascularised proximal pole should be considered a predictor of poor prognosis. Boyer et al. [3] achieved a consolidation rate of 60% in ten patients with avascular necrosis. In a recent study, Waitayawinyu et al. [22] treated 30 consecutive patients with scaphoid nonunion and proximal pole AVN. The results of this investigation support the use of a vascularised bone graft for the treatment of scaphoid nonunions with avascular necrosis of the proximal pole. Meanwhile, Straw et al. [20] achieved a mere 27% consolidation rate in 16 patients with poles that were considered avascular.
The results of one meta-analysis [13] suggest that vascularised bone grafts are superior to conventional grafts. However, this review analysed and compared patients with different clinical characteristics, including differences in the vascular pattern of fragments, the types and location of scaphoid nonunion, the surgical technique used (access, graft, bone fixation, etc.), and the form and duration of follow-up and rehabilitation.
In this study, we prospectively compared subjects randomly assigned to receive either a vascularised or nonvascularised graft, with all subjects undergoing a surgical procedure that entailed the same surgical access, bone graft and bone fixation technique, and all patients receiving the same follow-up and rehabilitation procedures. Even after randomisation, the patients in our two groups were clinically very similar, the only real difference between them being the type of bone graft used. Our clinical outcomes of interest included a summation score that incorporated pain, functional state, range of motion, and patient global satisfaction. Using this same scoring system, Steinmann et al. [19] achieved a good to excellent functional result in 64% of their patients. Using the same criteria, we achieved a good to excellent functional result in 72% of our patients who had received a vascularised bone graft, but only in 57.4% of those who received a nonvascularised graft. Tobacco use may be an important determinant of union rates [11] . Dinah and Vickers [7] concluded that smoking is significantly associated with operative treatment failure in patients with established nonunion of the scaphoid bone.
Our results suggest an important and potentially avoidable risk factor, but further studies would be required to determine if vascularised grafting is superior. Vascularised bone grafting is a technique that increases the proportion of consolidation in the most severe cases. There is more efficient and faster bone healing in patients with sclerotic scaphoid nonunions who are treated with vascularised bone grafts [21] . In our study, patients who received vascularised grafts achieved bony consolidation within a mean of 9.7 weeks versus 12 weeks with conventional grafting, and 89.1% in the former group achieved consolidation versus 72.5% in the latter, a statistically and clinically significant difference.
Considering only patients with scaphoid nonunions and proximal pole fragment, there was bone healing in 19 of 21 patients in group I (90.5%), but in just 11 of 16 patients in group II (68.9%). We believe that the decisive factor in this very significant difference in the consolidation rates was the association of avascular necrosis with the proximal fragments.
There is controversy regarding the possibility that avascular scaphoids might consolidate regardless of the type of surgery used. Schuind et al. [17] did not observe any significant difference between scaphoid nonunion patients with or without an avascular proximal pole in relation to bone healing. However, their results were based only upon preoperative radiographs. Filan and Herbert [8] found a low correlation between preoperative radiographic findings and intraoperative surgical findings. Magnetic resonance may better indicate the state and pattern of bone vascularisation of the fragments, but it is not infallible [4] . According to Green [9] , radiography is not an accurate indicator of the state of scaphoid vascularisation, which is better diagnosed during surgery. During surgical procedures, it is possible to analyse the vascular condition of the fragments. We observed that 30 scaphoids in group I The use of vascularised bone grafting promoted bone healing and a consolidation rate of 83.3% in those scaphoids that did not bleed (sclerotic) and a rate of 100% in those that did bleed. Conversely, the use of a conventional nonvascularised bone graft yielded consolidation rates of 55% in sclerotic scaphoids and 90% in bleeding scaphoids. Radiographic and functional results allow us to conclude that the vascularised graft is superior to the conventional non-vascularised graft. On the other hand, no differences are apparent in patients with scaphoid nonunions and wellvascularised fragments. In these patients, we were unable to conclude that either technique is superior to the other.
In conclusion, we suggest that vascularised bone grafting is mandatory whenever there is a non-vascularised sclerotic fragment. On the other hand, in patients with wellvascularised fragments, either the vascularised or conventional technique can be used, depending upon the surgeon's experience and preference.
